New types of element-loaded (B and Gd) organic scintillators for neutron detection and neutrino experiments have been synthesized recently at JINR. Their optical, spectral, scintillation and radiopurity characteristics are presented and discussed. It is shown that the 5 % B-loaded scintillator has a light output as much as 70 % relative to the unloaded one. The same characteristics for the 3 % Gd-loaded sample is equal to 51 %. Transparency and other properties of the produced scintillators did not change at normal conditions for at least one year.
INTRODUCTION
Element-loaded organic scintillators (plastic and liquid) offer some potential advantages as detectors for neutrons and neutrinos. This has led to widespread use of developed materials both in solar and atmospheric neutrino, neutrino oscillations, neutrinoless double beta decay future experiments and for precise neutron spectroscopy with high level of sensitivity as well as for other approaches both in basic and applied physics. Modern neutrino physics became a large-scale operation, requiring large detectors to intercept the dispersed particles. New-look large (kilotons) neutrino detectors could be mounted using state-of-the art detector technologies and must be placed in facilities with very low level of inner neutron and gammaray background. Wide application of element-loaded organic scintillators in running and future nonaccelerator experiments is connected with relatively high cross sections of specially loaded isotopes for neutrino and neutron reactions. Such types of scintillators also offer exible conˇguration with potential to discriminate between signals from gamma-ray and neutron or neutrino events. Some possible applications of element-loaded organic scintillators are presented in Table 1 .
Recently new types of element-loaded (B and Gd) organic scintillators for neutron detection and neutrino oscillation experiments have been synthesized at JINR. Their optical, spectral, scintillation and radiopurity characteristics are presented and discussed here. Transparency and other properties of the produced scintillators did not changed at normal conditions for at least one year. Such stability in time is very important for long-term experiments. High efˇciency for thermal neutron registration achieved for produced samples makes it possible to use such scintillators as a part of neutron high-sensitive spectrometers. The possibility to built large mass cost-effective detectors on the base of other element-loaded (Li, F, Pb, W, Mo, Nd, Yb) organic scintillators with high radiopurity is discussed as possible application for future nonaccelerator experiments. Application of such materials can also be useful for neutron ux monitoring in nuclear power stations, nuclear reactors, storage life of long lived radioactive trash, and for measuring of the environment radioactivity inside civilian buildings.
B-LOADED PLASTIC SCINTILLATORS
Low energy neutrons (< 100 keV) cannot be detected by proton recoil in usual (unloaded) plastic scintillator since they do not generate enough light. Scintillators are therefore loaded with various additives (for example, B and Gd, see Table 2 ) so that the neutrons can be detected by exoergic capture reactions. Up to now widely used organic scintillators for thermal neutron detection were boronloaded materials. It is connected with high (n, α) cross section of 10 B as well as relatively high natural abundance of it (19.6 %). Thermal neutrons may subsequently be captured in boron-loaded scintillator by 10 B, which has a thermal cross section of 3838 b. The Q-value of 10 B(n, α) 7 Li reaction is 2.79 MeV with 2.31 MeV going to the charged particles (1.48 MeV for α) along with a 480 keV γ ray (94 % of the time): 
Several boron compounds have been considered for use in plastic scintillators [1Ä8] . As a result of our investigation o-carborane ( Fig. 1 ) has been selected as one of the most perspective chemical compounds with mass fraction of boron as much as 75 %.
First samples of polystyrene-based plastic scintillators containing 0.38 %, 0.75 %, 2 % and 5 % mass fraction of boron have been produced by using a method of thermal polymerisation. p-Terphenyl and POPOP have been used as activator and waveshifter.
The results of investigations of the optical, spectral, scintillation, and neutron capture characteristics showed good perspectives of such scintillator. It was shown that 5 % B-loaded scintillator has a light output as much as 70 % relative to the unloaded one and is very effective for thermal neutron detection. Some characteristics of the obtained B-loaded scintillator samples (30 mm in diameter, 9 mm thickness) are presented in Table 3 and in Fig. 2 . In uence of the boron concentration in scintillators on their light output has been carefully investigated with using a set of α, β, γ sources (see Table 4 ).
Using of different types of radiation makes it possible to study surface and inner uniformities of the scintillation medium as well as energy resolution and α/β quenching factor (relative energy conversion coefˇcient). It was obtained that α/β value is equal to (0.082 ± 0.008) for the energy E α = 5 MeV. Light output of the boron-loaded scintillator samples as a function of B mass fraction is presented in Fig. 3 .
To investigate thermal neutron detection efˇciencies of the B-loaded samples both PuBe neutron source with moderators and time-off-ight technique with using the Pulse Fast Neutron Reactor (IBR-30, JINR) have been applied. Scheme of measurements with the Pu-Be source set-up is given in Fig. 4 . The spectra accumulated with Pu-Be source for all B-loaded samples are presented in Fig. 5 . One can see that the net area under the neutron induced α peak depends on boron's contamination. To estimate thermal neutron detection efˇciencies (Table 3 and Fig. 6 ) the net α peak areas obtained after subtraction of the baseline (unloaded scintillator) were used. As it followed from data presented in Table 3 , the efˇciency for thermal neutron detection is achieved as high as 22 % just for the small size control sample with 5 % of B. Owing to this fact, a prototype of thermal neutron detector (70 mm in diameter, 70 mm thickness) on a base of the 5 % B-loaded plastic scintillator has been produced recently. This pilot detector has very suitable scintillation characteristics. Namely, it has 70 % light output relative to a control unloaded scintillator, good uniformity of light collection, and 12 % of energy resolution (at 1 MeV) in comparison with 11 % for the unloaded one. Investigation of the thermal neutron capture efˇciency is in progress now by using both neutron sources and neutron beam. Our special interest was to measure radioactive contaminations in the produced scintillators aimed to test their ability to use in low background nonaccelerator experiments. For such purposes a radiopurity of the pilot B-loaded detector has been investigated in the underground low background laboratory of the Baskan Neutrino Observatory (BNO INR RAS). As a result only limits on the 232 Th, 238 U, and 40 K contamination at the level of < 10 −9 g/g were obtained that gives a good chance for using such scintillators in very low background set-ups.
Gd-LOADED PLASTIC SCINTILLATORS
Synthesis of gadolinium-loaded plastic scintillators is considered as one of other perspective directions of such investigations. Scintillators contained gadolinium are very interested for thermal neutron detection too, because this element has two isotopes with high enough natural isotope abundance:
155 Gd (14.7 %) and 157 Gd (15.7 %) as well as very high thermal neutron capture cross-sections 155 Gd (6.1 · 10 4 b) and 157 Gd (2.6 · 10 5 b). Scintillators with more than 0.5 % Gd have not yet been produced [9Ä11] . It has been shown that the solubility of the complex of gadolinium nitrate with hexamethylphosphotriamide in methylmetacrylate can be achieved as much as 30 %. This compound has been used in present work as Gd-contained additive. Total chemical composition used for Gdscintillator synthesis on the base of polymethylmethacrylate is the following: naphthalene, 2.5-diphenyloxazole (PPO) and POPOP. The obtained results showed us a high probability of successful synthesis of gadolinium-loaded plastic scintillators. Samples of plastic scintillators containing 1 %, 2 % and 3 % of gadolinium have been produced recently. It was shown that 3 % Gd-loaded scintillator has a light output as much as 51 % relative to the unloaded one. The characteristics of the produced Gd-loaded scintillator samples (30 mm in diameter, 10 mm thickness) are presented in Table 5 and in Figs. 7, 8, 9 , and 10. To measure light output and thermal neutron detection efˇciency the same methods as for the B-loaded samples were used. The difference is that for the case of the Gd-loaded scintillators a total efˇciency depends in higher degree on a sample size due to smaller gamma detection efˇciency in comparison with an alpha one.
Gd-LOADED LIQUID SCINTILLATORS WITH HIGH FLASH POINT
Liquid scintillators containing Gd are also needed for several planned solar neutrino and neutrino oscillation experiments. One of the main requirements for such scintillators is their high value of a ash point. So, our next attempt was toˇnd a set of multicomponent organic solvents, which can satisfy above-mentioned requirement. As a result the composition of gadolinium nitrate with α methylnaphthalene ( ash point 82
• C), tributylphosphate ( ash point 193 • C), and 2-(-biphenylyl)-5-phenyloxazole (BPO) has been chosen for such a purpose.
The samples of liquid scintillators with concentration of gadolinium 17.3, 51.3, 61.8, and 85.9 mg · ml −1 have been produced and tested. The characteristics of the produced Gd-loaded liquid scintillator samples are presented in Table 6 and in Figs. 11, 12. The Gd-loaded liquid scintillator with relatively high (> 82
• C) ash point and contamination of Gd up to 85 mg · ml −1 has been produced, too. High efˇciency for thermal neutron registration achieved for produced samples makes it possible to use such scintillators as a part of high sensitive neutron spectrometers. It is shown that the level of measured radiopurity of the produced scintillators is low enough for using in large mass cost-effective detectors for future nonaccelerator experiments.
